Recently, a conceptually new physics beyond the Standard Model (SM), unparticle, has been proposed, where a hidden conformal sector is coupled to the SM sector through higher dimensional operators. In this setup, we investigate unparticle physics at the photon collider, in particular, unparticle effects on the γγ → γγ process. Since this process occurs at loop level in the SM, the unparticle effects can be significant even if the cutoff scale is very high. In fact, we find that the unparticle effects cause sizable deviations from the SM results. The scaling dimension of the unparticle d U reflects the dependence of the cross section on the final state photon invariant mass, so that precision measurements of this dependence may reveal the scaling dimension of the unparticle.
Introduction
The Large Hadron Collider (LHC), which will start its operation within a year, is expected to probe a new hitherto unexplored domain of particles and forces beyond the standard model around TeV scale. Although the LHC has the considerable potential to detect some indication of new physics beyond the Standard Model (SM), the detailed study of its properties needs more precise measurements and such a work will be performed at the International Linear Collider (ILC). According to the ILC Reference Design Report [1] , the ILC is determined to run with √ s = 500 GeV and the total luminosity required is L = 500 fb −1 within the first four years of operation and L = 1000 fb −1 during the first phase of operation with √ s = 500 GeV. An e + e − collider is uniquely capable of operation at a series of energies near the threshold of a new physics process. This is an extremely powerful tool for precision measurements of particle masses and unambiguous particle spin determinations. Various ILC physics studies indicate that a √ s = 500 GeV collider can have a great impact on understanding a new physics around TeV scale. An energy upgrade up to √ s ∼ 1 TeV would open the door to even greater discoveries.
Another very unique feature of the ILC is that it can be transformed into γγ collisions with the photon beams generated by using the Compton backscattering of the initial electron and laser beams. In this case, the energy and luminosity of the photon beams would be the same order of magnitude of the original electron beams. Since the set of final states at a photon collider is much richer than that in the e + e − mode, the photon collider would open a wider window to probe new physics beyond the SM. In fact, it has been seen in several new physics models that photon collider is more powerful for searching models than the e + e − linear collider. The most comprehensive description of the photon collider available at present is in a part of the TESLA TDR [2] . Also, there are some useful reviews for the physics at the photon collider as an option of the ILC [3, 4] . Since the high energy photon beams are provided through Compton scatterings from the electron beams, the γγ luminosity is determined by the geometric luminosity of the original electron beams [5] . For the standard ILC beam parameters, the γγ luminosity is expected to be L γγ = 0.17 × L ee with the integrated luminosity of the incident e + e − collider (L ee ). Considering that cross sections in γγ are larger than those in e + e − collisions by one order of magnitude, the number of events will be somewhat larger than in e + e − collisions. A certain class of new physics models includes a scalar field which is singlet under the SM gauge group. Such a new particle can have a direct coupling with photons suppressed by a new physics scale in low energy effective theory. If the new physics scale is low enough, the particle can be produced at the photon collider, and thus the photon collider can be a powerful tool to probe such a class of new physics models. In particular, the process, γγ → γγ, is interesting because in the SM, this process occurs only at loop level and the SM background for new physics search is expected to be small.
1
As one of such models, in this paper, we consider a new physics recently proposed by Georgi [6] , which is described in terms of 'unparticle'. The unparticle physics is originated from a theory having some conformal fixed points in low energy, and the interaction between this conformal hidden sector and the SM sector is described by the effective theory at low energy. A concrete example of unparticle staff was proposed by Banks-Zaks [7] many years ago, where providing a suitable number of massless fermions, theory reaches a non-trivial infrared fixed points and a conformal theory can be realized at a low energy. Various phenomenological considerations on the unparticle physics have recently been developed in the literature [8, 9] as well as some studies on the formal aspects of the unparticle physics [10] . There have also been studied on the astrophysical and cosmological applications of the unparticle physics [11, 12] , especially in [12] , even the possibility for the unparticle to be a dark matter has been proposed.
In this paper, we investigate the unparticle physics at the photon collider. We concentrate on the process, γγ → γγ, and the unparticle effects on it. As mentioned above, there is no tree level contribution in the SM, and we find that the unparticle effects cause sizable deviations from the SM results even if the cutoff scale of the higher dimensional interaction is of order 10 TeV.
Basics of unparticle physics
We begin with a brief review of the basic structure of the unparticle physics. First we introduce a coupling between the new physics operator (O UV ) with dimension d UV and the Standard Model one (O SM ) with dimension n at some ultraviolet (UV) scale as
where c n is a dimension-less constant, and M is the energy scale characterizing the new physics. This new physics sector is assumed to become conformal at an IR scale Λ U , and the operator O UV flows to the unparticle operator U with dimension d U . In low energy effective theory, we have the operator of the form,
where the dimension of the unparticle U has been matched by Λ U which is induced by the dimensional transmutation, λ n is an order one coupling constant and Λ is the (effective) cutoff scale of low energy effective theory. In this paper, we consider only the scalar unparticle. It was found in Ref. [6] that, by exploiting scale invariance of the unparticle, the phase space for an unparticle operator with the scaling dimension d U and momentum p is the same as the phase space for d U invisible massless particles,
where
Also, based on the argument on the scale invariance, the (scalar) propagator for the unparticle was suggested to be [8] :
U is not necessarily integer, it can be any real number or even complex number. In this paper we consider the scaling dimension in the range, 1 ≤ d U < 2, for simplicity.
For our study on the photon collider, we consider the interaction between the unparticle and photons of the form 4 :
This interaction causes the process γγ → γγ mediated by the unparticle in the s, t and u-channels at the tree level.
Unparticle effects at the Photon Collider
Now we consider the effects of unparticle on the γγ → γγ process at the photon colliders. The helicity amplitude for the process
is denoted as
4 When we introduce all those kinds of terms between the unparticle and the SM gauge bosons, the process gg → U → γγ has an impact on physics at hadron colliders such as the LHC and Tevatron. In particular, there is an impact on Higgs boson (h) search through the gluon fusion process, gg → h → γγ. Although such a process is out of our scope in this paper, it is worth investigating. 5 We will use the notation for the matrix elements for the photon photon scattering amplitude as
while crossing symmetry implies
When parity and time inversion invariance holds, we have, respectively, the constraints
As a result, the 16 possible helicity amplitudes can be expressed in terms of only three independent amplitudes, M ++++ (ŝ,t,û), M +++− (ŝ,t,û) and M ++−− (ŝ,t,û), through the relations [15] ,
Hence all the combinations can be expressed in terms of only three quantities, M ++++ ,
The resultant helicity amplitudes in the SM,
, are well-studied, for example, in [15, 16] . In the numerical calculation, we make use of LoopTools [17] for evaluating the loop functions that appear in the SM background.
It is easy to calculate the helicity amplitudes for the γγ → γγ process mediated by the unparticle in the s, t and u-channels:
4
The differential polarized cross section with respect to the scattering angle θ is given by
The resultant cross sections in the limit d U → 1, as a function of the photon beam energy are shown in Fig. 1 . Here we have taken the cutoff scale to be Λ = 5 TeV. Contributions of the unparticle mediated processes become dominant as the beam energy becomes larger, as expected. The angular distribution of the cross section for d U → 1 with a fixed photon beam energy, √ŝ = 500 GeV, is depicted in Fig. 2 . The SM cross sections have a peak in the forward (and backward) region, while the cross sections of the unparticle mediated processes are almost flat, reflecting the 0-spin of the scalar unparticle. Fig. 3 shows the resultant cross section as a function of the scaling dimension d U , for a fixed photon beam energy √ŝ = 500 GeV and the cutoff scale Λ = 5 TeV. The unparticle effects quickly go down as d U becomes larger, as expected in the results of the helicity amplitudes for the unparticle mediated processes.
In order to obtain the realistic cross section σ(γγ → γγ) at the photon collider, we convolute the fundamental cross sectionσ(γγ → γγ) with the photon luminosity function. Throughout this paper, √ s refers to the center-of-mass energy of the incident e + e − collider and √ŝ refers to the center of mass energy of the two incoming photons. The laser backscattering [2, 5] is the standard and efficient technique to convert an electron beam into a photon beam. The photon luminosity function F γ/e (x) is given by [2, 5] :
where P e is the polarization of the initial electron and P ℓ is the degree of circular polarization of the initial laser beam (|P e | ≤ 1, |P ℓ | ≤ 1), r = x/ξ(1 − x), and D(ξ) is a normalization factor,
where E 0 is the energy of the incident electron and ω 0 is the energy of the incident laser photon. The Compton kinematics are characterized by the variable x, and one finds maximal energy conversion is given at x max = ξ/(ξ + 1) = 0.817 for D(ξ = 4.475) ≃ 1.77. Then the maximum photon energy is given by ω max = x max E 0 ≃ 0.82E 0 . This means that about 82% of the incident electron-positron beam energy can be transmitted into the photon collider. One of the important observation is that the spectrum depends on the product of the helicity of the electron and the laser beam. The backscattered photons will retain a certain amount of the polarization of the laser photon beam. The hardest spectrum is provided by choosing the circular polarization of the laser (P ℓ ) and the mean helicity of the electron (P e ) to be opposite, P e P ℓ = −1, for both arms of the collider. F γ/e (0, 0, x) corresponds to the unpolarized case. Photon beam helicity is given by [2, 5] :
By using the photon beam helicity, the total photon luminosity function can be decomposed according to each helicity component as
There is a relation between different sign choices of polarization vectors:
Then, the cross section for the polarized photon beam can be obtained by integrating over all the energy distributions:
where the maximum value of x is given by x max = ξ/(1 + ξ) = 0.817. In the second line in the above, we made a change of variable, the corresponding maximal value of τ is τ max = x 2 max = 0.668. In our numerical evaluation of Eq. (28), we introduce an infrared cutoff τ min = 0.04 ( √ s > 100 GeV) which is necessary to avoid the infrared divergence in the cross section that mainly comes from the fermion loop contributions. The luminosity function in the above formula is defined as follows:
where y max ≡ γ/e in the definition of the luminosity function, Eq. (29), it holds the following symmetry property:
Hence, without loss of generality, we can consider only L ++ (P e , P ℓ , P ′ e , P ′ ℓ ). (Here, we denote
(τ ) as L λ 1 λ 2 , for simplicity.) Corresponding to Fig. 1, Fig. 2 and Fig. 3 , the results after the convolution are shown in Fig. 4, Fig. 5 and Fig. 6 . In these figures, we have used the unpolarized luminosity function to show the results in case of unpolarized beam. Fig. 4 shows the total cross section (30 • < θ < 150
• ) as a function of the incident e + e − collider energy √ s. Fig. 5 shows the angular distribution of the cross section. Fig. 6 shows the total cross section (30 • < θ < 150 • ) for a fixed photon beam energy √ s = 500 GeV as a function of the scaling dimension d U . We can see that in the case with d U ≃ 1, there are sizable deviations from the SM results for √ s = 500 GeV, for example, even though the cutoff scale is very high Λ = 5 TeV. In Fig. 7 , we show the differential cross section as a function of the invariant mass of the final state photons, dσ/dM γγ , for √ s = 500 GeV and for various d U values. Here, we show the contributions from each helicity components (λ 1 λ 2 ) = (++) and from (λ 1 λ 2 ) = (+−), separately. However, only the sum of all these contributions is observable, and we show the result in Fig. 8 (top) . The deviation from the SM result becomes larger as the invariant mass is raised. After imposing a lower energy cut for the photon invariant mass (M cut γγ ) and the integration with respect to the invariant mass, we obtain the cross section as a function of M cut γγ . Fig. 8 (bottom) shows the ratio of the signal cross section to the SM one as a function of M Fig. 9 and Fig. 10 . The results using the polarized beams 6 are shown in . In these figures, it is shown for all combinations of polarizations in the beam. It can be seen from these figures that the effects of the initial beam polarizations can drastically change the behavior of the differential cross section dσ/dM γγ as a function of the invariant mass of the final state photons. We can enhance the signal over background ratio to choose an appropriate initial beam polarizations. For example, when we choose (P e , P ℓ , P ′ e , P ′ ℓ ) = (+ − −+) or (− + +−), the differential cross section dσ/dM γγ has a sharp peak at high energy as shown in Fig. 14 . Using these options, we can extract the information on d U .
Summary
We have considered the unparticle physics at the photon collider, in particular, the unparticle effects on the γγ → γγ process. Since this process occurs at loop level in the SM, the unparticle effects can be significant even if the cutoff scale is very high. We have analyzed the cross section for the γγ → γγ process, including the unparticle mediated process, and found that even for Λ = 5 TeV, the unparticle effects cause the sizable deviations from the SM results with the incident e + e − collider energy at √ s = 500 GeV. The dependence of the differential cross section of the final state photon invariant mass dσ/dM γγ reflects the scaling dimension of the unparticle d U , therefore precision measurements of these dependences may reveal the scaling dimension of the unparticle. It has also been shown that the effects of the initial beam polarizations can drastically change the behaviors of the cross sections. We can enhance the signal over background ratio in some magnitude by choosing the initial beam polarizations appropriate.
Note Added
After completing this work, we became aware of a very recent paper [25] , in which the same subject on the unparticle effects at the photon collider was studied. There exists a difference between their result and ours. As pointed out in [26] , the phase factor e −id U π associated with the s-channel unparticle propagator might not be taken care of properly in [25] while we treated it correctly and our result is consistent with the one in [26] . The total cross section of the γγ → γγ process for the Standard Model contribution, the pure unparticle contribution, and the combined result as a function of the scaling dimension, d U , for the initial photon energy √ŝ = 500 GeV and Λ = 5 TeV. We have again imposed a cut for the scattering angle as 30
• < θ < 150
• in the integration. Fig. 8(a) shows the same figure as Fig. 7 but the initial helicities are summed up to show the unpolarized cross sections. Fig. 8(b) shows the ratio of the signal cross section to the SM cross section (σ U +SM /σ SM ) as a function of a lower energy cut on the final state photon invariant mass M 
